Beta-barrel proteins are the main transit points across the mitochondrial outer membrane. Mitochondrial porin, the voltage-dependent, anion-selective channel (VDAC), is responsible for the passage of small molecules between the mitochondrion and the cytosol. Through interactions with other mitochondrial and cellular proteins, it is involved in regulating organellar and cellular metabolism and likely contributes to mitochondrial structure. Tom40 is part of the translocase of the outer membrane, and acts as the channel for passage of preproteins during their import into the organelle. These proteins appear to share a common evolutionary origin and structure. In the current study, the evolutionary relationships between and within both proteins were investigated through phylogenetic analysis. The two groups have a common origin and have followed independent, complex evolutionary pathways, leading to the generation of paralogues in animals and plants. Structures of diverse representatives were modeled, revealing common themes rather than sites of high identity in both groups. Within each group, intramolecular coevolution was assessed, revealing a new set of sites potentially involved in structure-function relationships in these molecules. A weak link between Tom40 and proteins related to the mitochondrial distribution and morphology protein, Mdm10, was identified. This article is part of a Special Issue entitled: VDAC structure, function, and regulation of mitochondrial metabolism.
Introduction
Beta-barrel proteins play essential roles in the mitochondrial outer membrane, including the exchange of small molecules across the membrane (porin, reviewed by [1] ), and protein import into the organelle (Tom40, Tob55/Sam50 and Mdm10, reviewed by [2] ). To date, the most intensely studied mitochondrial β-barrel proteins have been the voltage-dependent anion-selective channels (VDAC), often referred to as mitochondrial porins (see volume 40(3) of the Journal of Bioenergetics and Biomembranes and this issue for recent collections of reviews). Although it has long been known that VDACs contribute to substrate and product exchange between the organelle and the cytoplasm (for example [3] ), their interactions with multiple mitochondrial and cellular proteins implicates them in processes ranging from substrate level phosphorylation [4] to apoptosis (reviewed by [5, 6] ) to plant defense (reviewed by [7] ). The complexity of their biology is further increased by the presence of multiple paralogues in many organisms ( [8] , this review) including mammals [9, 10] , plants [11, 12] , and insects [13] , and the tissue-specific expression and functions of these proteins (for example see [14] ).
Recent phylogenetic analysis has suggested an evolutionary link between VDAC and the channel of the mitochondrial protein import machinery, the β-barrel Tom40 [15] . Tom40 forms the "general insertion pore" through which unfolded mitochondrial proteins cross the outer membrane before sorting to the various mitochondrial compartments: the outer membrane, the inter membrane space, the inner membrane, and the matrix (reviewed in [16] [17] [18] ). Tom40 is part of the TOM (translocase of the outer membrane) complex, which also includes the receptors Tom20, Tom22 and Tom70; Tom22 possesses both cytosolic and intermembrane space domains capable of interacting with proteins in transit on both sides of the membrane. The small Tom proteins, Tom6 and Tom7 modulate complex stability and Tom5 is involved in assembly of the complex. The stability of the complex requires both Tom5 and Tom22 (reviewed in [2] ).
Determination of the structure of the mitochondrial β-barrel proteins has been difficult and lagged considerably behind the analysis of their bacterial counterparts, such as Rhodobacter capsulatus porin, for which the crystal structure was published in 1992 [19] . The absence of potential α-helices in the conceptual translations of the first sequenced porin [20, 21] , and Tom40 cDNA [22, 23] led to early predictions that they were comprised of β-strands [21, 24] . These predictions were supported by circular dichroism studies demonstrating significant β-strand composition [25, 26] . The first detailed structural information regarding mitochondrial porins was not published until very recently [27] [28] [29] . Remarkably, these analyses all revealed a novel 19 β-strand barrel structure, closed by a pair of parallel β-strands. The N-terminus of the protein contains at least one α-helical component and resides in the barrel lumen in two of the three structures, and the position of this segment varies among the experiments. The 19 β-strand structure was unexpected based on comparison with bacterial porin structures, which are comprised of even numbers of β-strands (see [8, 27] ). It has been argued that the unusual structure is a consistently produced artifact that does not explain all of the experimental data obtained using porin purified from mitochondria and refolded in artificial membranes [30] . However, the determination of similar structures under a variety of refolding techniques, and the general correlation between most of the experimental data and the structures, support the validity of the 19 β-strand form (see [31, 32] for discussion).
The 19-β-strand structure has been used as a starting point for considering the structure of Tom40 [28, 33] , supported by the phylogenetic link between the two proteins [15] . Based on data obtained with the PSIPRED algorithm [33] the putative Tom40 barrel is composed of 19 β-strands and an N-terminal α-helix is predicted, similar to VDAC. However, there is variation in the lengths of the Nand C-terminal extensions from the barrel in Tom40 molecules from different organisms ( [34, 35] , see discussion herein) and mammals express two isoforms that lack C-terminal extensions, and contain an N-terminal α-helix following either 25 or 79 residues [35] .
The members of the Tom40/porin family show low levels of primary sequence identity, making them ideal candidates for analyses that trace the variation in sequence that can support their intertwined requirements for structure, function and biogenesis. These β-barrel proteins must interact with the surrounding lipids and transient and stable protein partners (see Results and discussion), while maintaining a lumen suitable for the passage of numerous small molecules in the case of porin [1] , and for Tom40, almost all of the mitochondrial protein precursors (reviewed by [2] ). In addition, both of these proteins are nuclear-encoded and are imported into mitochondria [21, 22] . Therefore they must contain signals for their own targeting to mitochondria and interactions with the transport machinery therein. Given these constraints, and the low frequency of conserved residues ( [8] and this work), it could be expected that significant pressures exist for the coevolution of both intramolecular and intermolecular sites.
The current analysis utilizes the wealth of sequence data for Tom40 and VDAC to probe the evolutionary history of the family comprised of Tom40 and VDAC. Structural models were predicted for a group of divergent members of each family to provide an initial assessment of the pores generated by these sequences. Intramolecular covariation within the two protein families also was assessed, and discussed with respect to the evolutionary relationships, predicted structures and the available in vivo and electrophysiological data.
Materials and methods

Sequence data
The initial collection of mitochondrial porin sequences was obtained from UniProtKB (http://www.uniprot.org/) using human VDAC1 (P21796) as the query for a protein BLAST search, and from searches of genome databases. Tom40 sequences were obtained using the long version of human Tom40 (sp|O96008|TOM40_HUMAN Mitochondrial import receptor subunit TOM40 homolog) as the query. Redundant sequences, sequence fragments and those with E values less than 0.05 were removed manually. The set of Tom40-related sequences contained a significant number of porin sequences; these were removed on the basis of length (less than 305 amino acids), and the identity of the highest scoring hits when used as query in a protein BLAST search. Sets of sequences with 90% identity were reduced to a single representative using the CD-Hit algorithm (http://weizhong-lab.ucsd.edu/ cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit, [36, 37] ). The resulting sequence pools are contained in Supplementary FASTA files (Porin_90% and TOM40_90%). For phylogenetic analysis, sequences were aligned with ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) and non-informative sites were trimmed using TrimAl (http://trimal. cgenomics.org/, [38] ). For analysis of the Tom40 and porins together, the Porin_90% and TOM40_90% files were combined, and the CD-Hit program was used to reduce the identity level to 40%, in order to give a smaller sample of more divergent sequences (supplementary file Porin + Tom40_40%). For coevolution analysis, sequences were aligned with ClustalW2 and columns with >25% gap positions were removed [39] using GeneDoc [40] .
Phylogenetic analysis
Phylogenetic trees were generated for all porin and Tom40 amino acid sequence alignments by distance, maximum likelihood-based and Bayesian methods. For the distance method, the program contained within the PHYLIP package was used [41] . Phylogenetic trees were generated by distance methods by first generating distance matrices with PROTDIST for amino acid sequence alignments. In PROT-DIST, the JTT setting was used as in the previous analysis [8] and the section of the JTT model was supported by PROTTEST analysis [42] of the Tom40 sequences. The resulting distance matrices were used by the NEIGHBOR program to generate Neighbor-joining (NJ) trees. In order to evaluate support for the nodes observed in the NJ phylogenetic trees bootstrap (BS) analysis [43] was conducted by generating 1000 BS replicates with SEQBOOT; the BS replicates were analyzed by PROTDIST (JTT setting), the resulting matrices were analyzed by NEIGHBOR and the resulting tree files were analyzed by the CON-SENSE program in order to obtain majority rule consensus tree.
The models applied for maximum-likelihood (ML) approaches were based on evaluating the amino acid sequence alignments with the FindModel program (http://www.hiv.lanl.gov/content/sequence/ findmodel/findmodel.html). The PhyML program within the HIV sequence database (http://www.hiv.lanl.gov/content/sequence/PHYML/ interface.html) was used to obtain a tree topology based on ML analysis; here the amino acid sequences were analyzed using the JTT model and by applying bootstrap analysis (1000 replicates).
The MrBayes program (v3.1) was used for Bayesian analysis [44, 45] . The phylogenetic trees were generated using the JTT model. The Bayesian inference of phylogenies was initiated from a random starting tree and four chains were run simultaneously for 2,000,000 generations; trees were sampled every 100 generations. The first 25% of trees generated were discarded ('burn-in') and the remaining trees were used to compute the posterior probability (PP) values and for generating a 50% majority rule consensus tree. Phylogenetic trees were drawn with the TreeView program [46] using PHYLIP and/or MrBayes tree out files.
Coevolution analysis
Coevolution analysis was performed on the sequences in files Porin_90% and Tom40_90% using the Perl script provided by [39] . These analyses are based on mutual information (MI′) and determine covariation between pairs of sites in the aligned sequences. Variations of the MI′ algorithm incorporate the amino acid background distribution (MIB′), the physicochemical properties (MIP′), or both (MIBP′) into the analyses. H2r analysis was attempted using the same alignments at the webserver http://www-bioinf.uni-regensburg.de/php/ h2r.php , using 75 High Scoring Residue Pairs (HSRPs) and adding pseudo-counts [47] . However, the program output did not identify specific pairs of covarying residues and this analysis was not pursued.
3D Homology modeling of VDAC and Tom40-like sequences
Homology models of VDAC homologues and Tom40-like sequences were generated using SWISS MODEL (http://swissmodel. expasy.org/, [48] ) and the Esypred3d webserver 1.0 (http://www. fundp.ac.be/sciences/biologie/urbm/bioinfo/esypred/, [49] ). 3D VDAC homology models were tested using three template VDAC PDB structures: Mus musculus VDAC1 2.3 Å crystal structure (PBD 3emnX) and Homo sapiens hVDAC1 4.1 Å nuclear magnetic resonance (NMR) structures (PDB 2jk4A and 2k4tA). The M. musculus structure was chosen for presentation, as models generated using it had better statistical support (Supplementary Table 1 ). As described by [33] , the H. sapiens Tom40 (O96008) template structure was generated initially using HsVDAC1 as the template using either modeling program. The predicted hTom40-hVDAC1 SWISS-MODEL structure served as the template structure for the modeling of other Tom40-like structures in this study. All of the structural homology model images provided herein were produced using PyMOL software [50] .
Results and discussion
Phylogenetic history of the porin/Tom40 family
Phylogenetic and predicted structural links have been proposed between two of the mitochondrial β-barrel proteins: porin and Tom40 [15, 33] . These proteins are part of the Porin_3 superfamily (cd07303) in the NCBI Conserved Domain Database (CDD, [51] ). The analysis by Pusnik et al. [15] placed 21 Tom40 and 32 VDAC sequences into two distinct clades. The Tom40 sequences were clustered into distinct plant, animal, fungal and apicomplexan lineages, with a deeply rooted microsporidian example. The porin sequences formed similar clusters with an additional deep trimatosomatid group.
Using the large amount of sequence data currently available, two datasets were used to further investigate the relationships between and within the two groups of proteins. First, porin and Tom40 sequences were collected and placed into two separate data files as described in materials and methods, and a single representative of each group of highly similar sequences with at least 90% identity was chosen using the CD-Hit algorithm [37] . Unlike that used in the previous study [8] , this approach generated a more diverse collection of sequences to allow an overall analysis of phylogenetic patterns that was not skewed by many highly-similar proteins, such as the mammalian VDAC1, VDAC2 and VDAC3 paralogues. For example, seven animal VDAC1 sequences sharing at least 94% identity were included previously [8] , while they are represented by a single sequence in the current study. These porin and Tom40 datasets were analyzed as described in the following sections. To analyze the relationships among the two families of proteins, the porin and Tom40 datasets were combined, and representatives of groups with at least 40% identity were obtained to generate a reasonably sized dataset of 88 sequences that reflected the sequence diversity in this group.
The phylogenetic pattern of the combined group of porin and Tom40 sequences (Fig. 1) reflected the distinct clades reported by Pusnik et al. [15] . The porin clade (node 1) was distinct from that containing the Tom40 sequences. In each set of sequences, there were relatively few plant and animal sequences, indicating that the degree of sequence identity is higher in those groups than among the fungi and other lower eukaryotes, including the stramenopiles and apicomplexan organisms for example. For the Tom40 sequences, the microsporidial sequences (node 2), and those from the fungi (node 3) branched from node 4. Node 5 was the source of the insect sequences (nodes 6a and 6b); the latter branch emanated from node 7 and was linked to the chordate and nematode sequences. A single ascomycete Fig. 1 . Phylogenetic analysis of the Tom40/Porin family. The tree is based on 88 Tom40/porin sequences and the tree topology is based on Bayesian analysis. Solid circles, squares and triangles represent Posterior Probability (PP) supportive values (95-100%), (85-94%) and (50-84%) respectively as obtained from a 50% majority Bayesian consensus tree. Open circles, squares and triangles represent bootstrap (BS) node support of (95-100%), (85-94%) and (50-84%) respectively, based on Maximum Likelihood (ML) analysis. Nodes supported with BS ≥ 85% based on Neighbour Joining analysis are marked with asterisks. Nodes that received less than 50% support (BS or PP) were collapsed. The branch lengths are based on Bayesian analysis and are proportional to the number of substitutions per site. Accession numbers are underlined and listed next to species names. The tree is rooted with the stramenopile sequence D0NLI4. Numbered nodes are discussed in the text.
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Thalassiosira pseudonana B8CCD5 0. Insects sequence was also a member of this cluster (Leptosphaeria maculans). Apicomplexan and amoeboflagellate Tom40 sequences branched from node 8, along with several Trichomonas sequences and single Arabidopsis lyrata sequence. The separation of the Arabidopsis Tom40 sequences (node 9a and sequence D7KMQ2 from node 9b) suggests the formation of highly divergent paralogues. Porin sequences included those from a similar set of organisms, but with more representatives from the plants (node 10). Sequences from the chlorophytes and stramenopiles were organized around nodes 7a and 7b, while plant sequences were derived from node 10. Interestingly, those two groups branched from node 11 along with a cluster of sequences (node 12) from apicomplexan organisms, an amoeba (Dictyostelium) and kinetoplastids (Leishmania). Four fungal porin representatives (node 13) were linked by node 14 to the group of insect, worm and chordate sequences. The chordates were represented by the Canis familiaris sequence (node 15). Thus, the evolutionary histories of Tom40 and porin are distinct, with varying degrees of sequence divergence and paralogue generation.
Phylogenetic history of representative porin sequences
Previous phylogenetic analysis of mitochondrial porins [8] revealed a complex evolutionary history of mitochondrial porins that mirrored the rDNA-based phylogenies of the crown groups of organisms, in which metazoans and fungi share a common ancestor. The very few stramenopile porin sequences available at the time reflected the proposed emergence of the stramenopiles prior to the divergence of plants, animals and fungi. More recent work suggests that the stramenopiles actually are ancestral to only the brown algae, and that other protist lineages gave rise to animals/fungi and plants [52] . Evidence was obtained supporting and expanding the generation of paralogues through independent gene duplication events in plants, animals and fungi [8] . For example, additional examples of paralogues were obtained from the stramenopiles (Pythium, Phytophthera), chlorophytes (Ostreococcus, Micromonas), mosses (Selaginella), ascomycetes (Paracoccidioides) and chordates (Salmo). These examples do not represent all known paralogues, because use of single representative sequences for groups of closely related sequences precludes their identification.
The current dataset was designed with the goal of analyzing the relationships of representative porin sequences, rather than obtaining a detailed phylogeny of all porin sequences available. 217 predicted primary sequences were gleaned from the UniProt database (http:// www.uniprot.org/), and were supplemented with stramenopile sequences obtained from genome databases to enhance the representation of this group of unique sequences. Phylogenetic analysis was carried out via Bayesian, Neighbour-Joining and MaximumLikelihood analyses (Fig. 2) . Again, the overall arrangement of the sequences reflected that of the crown groups of organisms. The stramenopile VDAC sequence (Aphanomyces euteiches) was used as the out group and clustered with sequences from Phytophthera and Pythium as expected (node 1). However, the remaining stramenopile sequences were placed in the two branches extending from node 1: one that comprised solely of the Saprolegnia parasitica sequence, and the second as a unique branch emanating from node 2, which also harbors plants, animals and fungi. A third group of stramenopile sequences within the large plant/animal/fungi cluster (node 3) is not well-supported. Given the very diverse sequences obtained from the stramenopiles, it cannot be determined whether these phylogenetic positions reflect the relationships between the organisms or the low levels of conservation of porin sequences within this group. Stramenopiles are a complex group of organisms including photosynthetic and non-photosynthetic members, with diverse life styles and physiology. Thus, evolutionary rates within this group are probably quite variable and so far only limited taxonomic sampling is available.
Therefore the phylogenetic groupings of the stramenopile sequences are expected to be rather unstable.
Representatives of the apicomplexans (alveolates, Plasmodium yoelii and choanoflagellida, Monosiga brevicollis) branch together and two groups of chlorophyta are supported, although their branch position from node 4 is only weakly supported. The seed plant sequences (node 5) are clustered in groups comprised solely of monocots (node 6) or of dicots (nodes 7a and 7b) or a mixture of the two (node 8) as seen previously [8] . Within these groups, there is extensive evidence for the presence of paralogues, for example in Populus trichocarpa and Glycine max.
The limited number of invertebrate sequences in the dataset form small clusters distinct from those leading to plants, animals, fungi and insects. Interestingly, this collection of unlinked clusters includes several Drosophila sequences (node 9) that are separate from those extending from node 10. The latter group is linked to other insect sequences. The great diversity in sequence among porins from a single Drosophila species [13] may be responsible for this arrangement of sequences.
The collection of chordate sequences suggests the generation of paralogues at multiple stages in the evolution of this group (node 11). The three mammalian porin paralogues (VDAC1, VDAC2 and VDAC3) are in this dataset represented by the rat sequences D3ZCI4 and DAD77 and the bovine sequence A6H783, respectively. Based on this analysis, the events leading to paralogues in fish (Danio rerio and Salmo salar) were unique and did not occur prior to the divergence of mammals and fish. Node 12 separates the single representatives of the mollusca (Emiliania huxleyi) and the arthropoda (Harpegnathos saltator) from the fungi (node 13). Within the fungi, two clades of ascomycete sequences (node 14) are observed and a single clade from the basidiomycetes (node 15). The current analysis detected paralogues only in Saccharomyces cerevisiae and Candida glabrata.
Intramolecular covariance in porins
Phylogenetic analysis revealed a diverse set of porin sequences but very few positions are highly conserved, making it difficult to identify key residues for porin function from multiple sequence alignments. However, important sites can be detected through covariation analysis, which can identify pairs or groups of residues that together impart a particular characteristic or function to the protein [53] . The current, extensive collection of diverse mitochondrial sequences made it possible to attempt to identify potentially important residues by analyzing coevolution of sites within porin. Coevolving residues could include those involved in intramolecular interactions between adjacent β-strands, in determining the overall properties of the channel, and in interactions between the amino acid residues and their surrounding lipids, sterols, proteins and aqueous environments.
For this analysis, mutual information (MI) data was obtained, using the package of Gao et al. [39] , which allows analysis based on amino acid identity alone (MI′), or considering amino acid background distribution (MIB′), physicohemical properties (MIP′), and the combination of two parameters (MIBP′). The results of the four analyses are presented in Table 1 . conn(k) values are the number of sites that a particular site (k) covaries with; these values are described as the covariation or connectivity at site (k), and are considered to be robust indicators of covariation [47] . For each position in the list, conn(k) exceeded 5, and the data were supported by the "reverse" analysis; for example, in the MI′ data, the eight positions covariant with position 66 included position 115, and the 14 positions that varied with position 115 included position 66.
The MI′ analysis, based on amino acid identity, revealed 10 positions at which residues covaried with at least six other sites (conn(k) >5). These residues are clustered mainly in the C-terminal half of the protein, from the 14th β-strand (β14) to the loop between β18 and β19 (L18-19) (Fig. 3A and B) . This segment of the protein overlaps with that adjacent to the α-helix in the M. musculus VDAC1 (MmVDAC1) structure [29] and contains residues involved in β-NADH binding [27] and possibly dimerization (β18-19 and β1-2, [28] ). Based on the NMR data for human VDAC1 (HsVDAC1, [27] ) in lauryldimethylamine oxide (LDAO), four of these coevolved conserved sites reside in turns between β-strands and the remainder are in β-strand positions that face the barrel lumen. Interestingly, only two of the latter six positions contribute a polar side chain to the lumen in the human sequence (K115 and N207) and only K115 is charged. Hydrogen bonding interactions between adjacent strands are required for stable barrel formation, and a network of Nuclear Overhauser Effect (NOE) contacts involving amide protons and amino acid side chain atoms were detected in LDAO-solubilized HsVDAC1 [27] . The pairs of amino acids involved in these interactions are therefore potential targets for coevolutionary pressure. Positions 207 (N207 in HsVDAC1) and 220 (G220) displayed strong NOE interactions in the detergent-solubilized protein [27] , while others interacted with residues not revealed by the MI′ analysis. Thus, the least restrictive analysis, based on mutual information alone, has detected a pair of interacting residues.
The MIB′ analysis considers the amino acid background composition in the analysis. For example, between 9.2% and 9.8% of the residues in MmVDAC1 and porins from Neurospora and Trypanosoma brucei are tyrosines, and between 9.3% and 10.8% are glycines. The MIB′ analysis revealed seven sites with high covariation signals ( Table 1 , Fig. 3C and D) . Of the seven positions, 115, 207, 213 and 262 also were identified in the MI′ analysis. Positions 75 and 210 were detected by the MIB′ analysis and are significant because they are positioned on the external side of the barrel wall [27] , where they may form surfaces required for interactions with lipids or with other VDAC molecules. Tryptophan resides at both of these positions in HsVDAC1. Four of the seven sites (Table 1 ) face the lumen. Position 251 resides near the junction of β17 and the adjacent turn, but could not be assigned from the NMR dataset [27] .
MIP′ analysis is based on the physicochemical characteristics of the residues rather than their identities. It revealed two sites: positions 115 and 210 (Table 1 , Fig. 3E and F) , both detected in the MIB′ analysis. Thus, there is strong evidence that these residues co-vary, because they are detected when either amino acid bias or physicochemical properties are considered. Finally, MIBP′ analysis considers physicochemical properties along with the amino acid bias. This analysis revealed a unique set of positions with high covariation signals. Position 12 is in the N-terminal α-helix, and is occupied by a lysine in HsVDAC1, while the residues at positions 151 and 221 are directed to the outside of the barrel, and residue 274 faces the lumen of the barrel [27] .
Covariance of these sites may reflect the structure and function of porin, and its biogenesis in the outer membrane. For example, coevolution may be involved in maintaining the conserved character of the lumen of VDAC. The pore is slightly anion-selective in the open state, and slightly cation-selective, with lower conductance, in the voltageinduced closed state [54] . This is a common feature of at least one VDAC isoform from all organisms studied to date, in spite of limited amino acid sequence identity (30.1% between mouse and Neurospora, see [8] and Table 2 ). Thus each primary sequence must be able to generate these two states, and possess a similar voltage-sensitive mechanism for switching between the two states. The N-terminal α-helix has been proposed to be responsible for this gating mechanism, presumably by altering its interactions with the barrel lumen. A different set of interactions was detected in each of the three recent structural studies [27] [28] [29] , but because the state of the pore under each of the folding conditions is slightly different, it may be that these structures Fig. 2 . Phylogenetic analysis of the porin family. The tree is based on 227 porin sequences, and the stramenopile sequence Ae_3AL5555 was used as the out group. The tree is labeled as indicated in the legend for Fig. 1 , and sequences used in structural analysis (Fig. 5) are indicated by the abbreviation "S" in a green circle.
are representatives of a series of interactions involved in determining the ion selectivity and conductivity of the pore [32] . There are examples where pore function is not maintained, for example Porin2 of Saccharomyces [55] . This variant does not form pores in artificial membranes, but when overexpressed, can partially complement the deletion of the canonical Porin1. It may therefore play a unique role in the biology of the organism, and the current covariation analysis could also reflect coevolved residues that define groups of porins with other functional properties.
Numerous experimental approaches have been used to define the roles of individual residues in gating and ion selectivity, using fungal mitochondrial porins (reviewed in [30, 56] ), but because the covariance analysis has identified residues that were not targeted by these approaches, the biological importance of these residues currently is unknown. Replacement of charged residues has been used to predict residues that line the barrel and are responsible for ion selectivity [57] . Similarly, the voltage-dependent gating of these variants was assessed [58] . None of the residues identified in the current study (Table 1) were tested for their role in gating or ion selectivity. Similarly, residues involved in β-NADH binding and interactions between the α-helix and the barrel wall were identified in the NMR studies of HsVDAC1 [27] . Although the residues involved in these interactions were not detected by the coevolutionary analysis, several of them flank residues with high conn(k) values. For example, Y146 resides between residues V143 and L150 that interact with the N-terminal helix, and residues A261, L263 and D264 flank position L262 detected in the MI′ and MIB′ analyses (Table 1 ). An alternative set of interactions was detected in the MmVDAC1 structure presented by [29] ; these included H122 and N124, which also were not detected in the current analysis. Therefore, coevolutionary approaches may be useful for identifying additional residues for further study.
Another feature of porin that may be subject to coevolutionary pressure is its multimerization. Although not the result of true intramolecular interactions, mitochondrial porins appear to form homooligomeric structures in the outer membrane, a process that would also require amino acid contacts between adjacent porins. Cryoelectron microscopy of two-dimensional porin arrays [59] and atomic force microscopy of yeast mitochondrial outer membranes have indicated that porin molecules interact with each other, and that the majority may exist in high-density assemblies [60] . Residues in β1, β2, β18 and β19 are predicted to be involved in dimerization [28] ; only one residue in this region, L262 (β18) was detected in the current analysis. It should be taken into consideration that dimerization may not be a universal property for all porin isoforms.
Finally, the covariant sites detected in this analysis may reflect requirements of porin import and assembly into the outer membrane. The signals required for these processes are only partially understood. It is assumed that cytosolic chaperones are involved in maintaining mitochondrial precursors in an unfolded form prior to their interaction with the receptors of the TOM complex (reviewed in [2] ). Like most mitochondrial precursors, porin requires the receptor Tom20 [61] , although the N-terminus of porin does not act as an essential targeting signal [62] , as is the case for most proteins targeted to the other mitochondrial subcompartments. In addition, porin may interact to some degree with the Tom70 receptor, as import is reduced to about 60% in yeast cells lacking both Tom70 and its homologue Tom71 [63, 64] although in contrast porin import is not significantly affected by the lack of Tom70 in Neurospora [65] . Given the great variation in targeting signals that these receptors interact with, one would expect that the targeting information is linked to the character of a region of the protein, rather than identification of specific amino acids. Although the targeting information in outer membrane β-barrel proteins is not well-delineated, the recognition of amphipathic β18 Lumen G220 E220/E220 (6) β15 Lumen L262 S262/S262 (13) β18 Lumen G271 A271/P271 (7) L18-19 Lumen a Location, taken from Ref. [27] ; L, loop between the indicated β-strands, β, β-strand number. b Facing, indicates whether the amino acid side chain is directed toward the lumen or the membrane; taken from Ref. [27] . c n/a, not applicable, for non-membrane associated residues. d Residue numbers and amino acids based on the Mus musculus sequence (Q60932; upper row; starting with the second in-frame methionine), the Neurospora crassa sequence (P07144; lower row, left side) and the Saccharomyces cerevisiae sequence (P0480; lower row, right side) the relative N. crassa and S. cerevisiae positions were determined from the ClustalW alignment that was trimmed for the coevolution analysis. e conn(K) values calculated according to Ref. [39] helices as signals for matrix-targeted preproteins is well-understood [66] . Thus, a single mutation in porin that negatively affects the targeting might be expected to be followed by a compensatory event in the same region. Following interactions with the Tom20, porin is passed through the Tom40 pore, to interact with the Tim9-Tim10 and Tim8-13 complexes of the intermembrane space (reviewed by [2] ). These complexes are not porin-specific, and therefore again the overall character of a binding region rather that specific amino acids may be involved. The final major step in the process is interaction with the topogenesis of outer membrane β-barrel proteins (TOB) complex, also known as the sorting and assembly machine (SAM). The signal involved for this interaction, the β-signal, resides in the C-terminal β-strand of the protein (see Fig. 4 ) and is sufficient for interaction with the TOB/SAM complex [67] .
Modeling the channels in diverse porins
Although there are insufficient data to correlate particular residues from the current analysis with the features of the porin channel, the analysis has revealed numerous patterns of sequence (Fig. 4) that presumably produce functional channels. Previous analysis [8] predicted a similar pattern of β-strands for the vast majority of the 283 porins sampled. Thus, the mammalian porin structures can serve as starting points for analyzing the surface environments provided by the different porin sequences. Several divergent porin sequences were modeled using the MmVDAC1 structure derived from crystallographic and NMR studies ( [29] , PDB ID code 3EMN). Of the three currently available porin structures, it is the highest resolution and produced models with the highest statistical support when tested with a variety of porin sequences (Supplementary Table 1 ). The sequences chosen represented a range of phyla and were between 13.7% and 66.1% identical to MmVDAC1 (Table 2) , which was used as the template for modeling with SWISS MODEL. One measure of the quality of structural models is the QMEAN Z-score, which compares several parameters of the predicted structure (C-β interaction energy, all-atom pairwise energy, solvation energy and torsion angle energy) to those of high quality experimentally defined structures [68] . The QMEAN Z-scores for most of the porin models exceed three standard deviations, as often observed for membrane proteins ( Table 3 ). As indicated [68] , the folded state of membrane proteins requires interactions with lipid and the appropriate comparative tools for membrane proteins await development. Nonetheless, the relative positions of the β-strands in the models agree well with the alignment of the primary sequences (Fig. 4 and data not shown), including that of P. trichocarpa, which contains a net insertion between β4 and β5. The β-signal, required for interactions of β-barrel precursor proteins with the TOB/SAM complex [67] was observed at the C-terminus of the sequences in most cases, except in the P. trichocarpa sequence, where it was located internally, and in M. brevicollis, from which it was absent. The latter sequence is highly divergent from those of other porins, and was not amenable to modeling with the SWISS-MODEL algorithm based on the MmVDAC1 structure.
One of the features that can be assessed in a general way from predicted structures is the charge distribution across the lumen. In general, similar pore structures were obtained, except for the case of P. trichocarpa; the model resulting from this sequence predicts that L4-5 exists as a somewhat globular domain extending from the barrel wall (Fig. 5) . The calculated charge distribution across the barrel of MmVDAC1 is positive, consistent with the molecule being trapped in an open state (Fig. 5) , and ( [29] , discussed in [32] ). The Neurospora porin has similar electrophysiological properties [69] , and the model generated herein (Fig. 5 ) also provides a positively-charged lumen. Electrophysiological data are not available for the other porins modeled in Fig. 5 , but to varying degrees, their lumen-facing surfaces are predicted to be rich in positive charges. These charges include contributions provided by the residues in the N-terminal α-helix, which lies along the channel wall in the structure of MmVDAC1 [29] used for generating the current models. In most cases, regions of positive charge are predicted along the opening of the barrel. Thus, it appears that very diverse sequences can give rise to porin channels with similar characteristics.
Phylogenetic history of representative Tom40 sequences
Phylogenetic analysis of Tom40 sequences (Fig. 6 ) was performed using a single representative for each group of sequences that shared 90% sequence identity; the out group was a sequence from the stramenopile Phytophthera infestans (D0NLI4). Overall, the tree topology differs from that described for porin (Fig. 2) in that the support for the linkage between fungi (nodes 1 and 2) and animals (node 5) is not strong. Compared to the porin dataset, a relatively large fraction of the Tom40 sequences are derived from the ascomycetes (node 1), suggesting a high level of diversity in Tom40 sequences from this group of fungi. As expected, these sequences share a node with the group of Tom40 sequences from basidiomycetes (node 2); paralogues Table 1 was overlayed on the crystal structure of Mus musculus VDAC1 (PDB 3EMN) using PyMOL [50] . A) and B) Data obtained from the MI′ analysis. Covariant residues are indicated in red and labeled according to the M. musculus sequence (PBD 3EMN). The N-terminal α-helical region is indicated in yellow. Positions on the "far side" of the molecule are indicated by arrows with dotted lines. Data obtained from the MIB′ and are shown in panels C) and D). Images E) and F) locate the covariant residues identified in the MIBP′ (black) and MIP′ (orange) analyses. For each dataset, the image on the right was obtained by rotating that on the left by 90°along the x-axis.
were not detected in either group, but given the method for sequence collection, closely related paralogues may have been excluded. Protist sequences (node 3) cluster separately from those of the plants (node 4) and animals (node 5). For the plants, few representatives of the dicots were included (node 6), but a large family of divergent paralogues were detected in A. lyrata and A. thaliana (node 7). Representatives of the monocots (node 8) and mosses (node 9) clustered separately, but share a common node (node 4) along with the chlorophytes (node 10). Three divergent paralogues were identified in Trichomonas vaginalis (node 11). Statistical support for the larger branches in this region of the tree was weak apart from that for placement of the T. vaginalis Tom40 sequences. A set of microsporidial Tom40 sequences (node 12) and that of a single representative of the amoeboflagellates (Naegleria gruberi D2VQW8) also group in this part of the tree. The animal Tom40 sequences were delimited by node 5. Chordate and insect sequences can be derived from nodes 5 and 13. In the latter cluster, Drosophila sequences predominated (nodes 14a and 14b), suggesting that, as previously noted with respect to the porin data, gene duplication and divergence produced multiple paralogues in many species of this genus. The chordate Tom40 sequences (node 15) included the mammalian paralogues, represented by M. musculus (D3YXS8) and H. sapiens (O96008). Some arthropod sequences grouped together (node 16), and appear to share a common ancestor with a subgroup of Mdm10-like proteins (node 17) from the filamentous fungi, including Tuber melanosporum, to be discussed below.
Coevolution of sites in Tom40
As for mitochondrial porin, coevolution of sites in Tom40 may be driven by the importance of maintaining inter-strand contacts that are important for structural integrity and for interactions with other proteins, in this case members of the TOM complex. Additionally, the lumen of Tom40 has been optimized for translocation of proteins, rather than small molecules as is the case for porin. It appears that Tom40 has a chaperone-like function, providing an environment for binding transiently unfolded segments of precursor proteins, thereby maintaining and promoting at least the partial unfolding needed for transit of the preprotein through the Tom40 channel [70] .
Coevolution analyses revealed several positions in the Tom40 sequence that may have been subject to coevolutionary pressures (Table 3) . Assessment of mutual information (MI′) revealed ten positions for which conn(k) values greater than 5 were achieved. Of these, nine mutual interactions were noted-two residues with significant conn(k) values were each found in the interaction networks of the other. Most of these sites are located in the N-terminal α-helix and the first five β-strands of the protein, and apart from position 153, are predicted to be near the same face of the lumen (Fig. 7A and B) . Interestingly four of these sites were occupied by charged residues in the long version of human Tom40 (HsTom40L). In the proposed structural model ( [33] and see below), two of the charged residues are in the putative α-helix. The other two residues (153 and 309) reside on opposite sides of the barrel. The remaining sites are predicted to be externally facing, hydrophobic residues (F113, V115, I165 and G285), in keeping with its role as a chaperone. The clustering of covariant residues is different between the Tom40 and porin sequences, in agreement with the assumption that the two proteins are subjected to different evolutionary pressures.
The MIB′ analysis identified six covariant sites, half of which were identified in the MI′ analysis (Table 3) . Again, the key residues are located within the predicted α-helix and first five β-strands. In HsTom40L, all of these sites, except 323, are expected to be positioned at the same end of the barrel. MIP′ analysis identified two positions, 113, also detected in the MI′ analysis, and the C-terminal residue, G361 in the HsTom40L sequence ( Fig. 7C and D) . As for porin (Table 1) , the MIBP′ analysis revealed a non-overlapping set of residues; for Tom40 these residues are located on the opposite end of the proposed barrel from those found in the MIP′ analysis ( Fig. 7E and F) .
Conceptually, a similar series of intramolecular constraints exist for Tom40 as for porin. The β-strand interactions required for barrel formation must be maintained, and interactions between Tom40 molecules occur as the protein exists in a homo-oligomeric complex [71] that can be isolated in forms with two or three pores [34] , in agreement with electrophysiological comparisons of the isolated complex and purified Tom40 [72] . It also interacts directly with other components of the Tom machinery, including Tom6 [71] , and Tom7 [73] . The surfaces involved in these interactions remain uncharacterized and coevolutionary analysis may prove useful in determining targets for future experiments. Only a small subset of Tom40 residues has been assessed for biological function. A series of Tom40 variants was generated and expressed in Neurospora and analyzed for assembly into TOM complexes and the protein import competence of mitochondria harboring the variant complexes [74] . Of the single residue variants generated, only one at position 100 (G64 in the Neurospora sequence), was identified in the coevolution analysis. Replacement of glycine 64 with an alanine led to moderate defects in TOM40 complex stability, and in the import of porin [74] . Thus, this residue and its covariant partners may provide targets for future studies into interactions of Tom40 with other components of Tom machinery. These components would include Tom6 [71] , and Tom7 [73] , or other Tom40 molecules in the homo-oligomeric complex [71] that can be isolated in forms with two or three pores [34] .
Several point variants generated in the Saccharomyces Tom40 also displayed import defects. Severe import defects were associated with the variant W243R, and minor deficiencies were seen with variants N252S and Q250R [75] , but these residues were not identified in the covariation analysis. The expression of two other variants, Tom40-2 and Tom40-4 lead to import defects, but they contain 15 and 9 amino acid substitutions, respectively [76] and the residue(s) responsible for the phenotype have not been ascertained. Of the replacements, Q311S (Tom40-2) and K232N (Tom40-4) correspond to K309 and K232, respectively in human Tom40 (Fig. 8) .
The lumen of Tom40 barrels serve as the passage for particular substrates, in this case unfolded preproteins [26] and thus are expected to be more evolutionarily constrained than those of porins. The Tom40 lumen is cation-selective, and undergoes a complex set of voltage-dependent gating events involving three different conductive states [34] . In artificial membranes, interactions with presequence peptides decrease pore conductance [34, 72] . Additionally, within the barrel, hydrophobic binding sites are proposed to suppress aggregation of proteins during transport [70] . Again, the relevance of the covariant residues awaits experimental analysis.
LGFKLEDGANKGSARQVGSVEAKYVQDN-FSIHSTLDFAGS-----NVSNAGVFHYENFV 147 H. saltator ISPSEAYPVLLGDVDPTGNLNASILHQLGTRLKGKFAAQVQRSKYTAVQLTTDYRGDKFT 163 M. brevicollis VDRVARLIEQAENLNDKGNFDTGLEKAE-QAKAGVAGVISADKDLFVARVHNALGTALFA 224 Fig. 4 . Alignment of porin primary sequences used for structural prediction. The indicated sequences were aligned using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Residues identified in the coevolution analysis are labeled in red, and numbered according to the M. musculus VDAC1 sequence (Q60932). The structural elements determined by [29] are underlined in the mouse sequence. The β-signal is indicated in blue lettering, and the consensus β-signal is given below the alignment [67] . p, polar; x, any amino acid; G, glycine; h, hydrophobic.
To model the Tom40 pores formed by the divergent set of Tom40 sequences, a sample of nine Tom40 and one Mdm10 sequence (Table 4) was chosen from the large clusters identified in the Tom40 phylogenetic analysis (Fig. 6) . A ClustalW2 alignment of these sequences shows some of the variation at each of the positions identified in the covariation analyses (Fig. 8) , and reveals that all but 
α-helix G361 E329/E360 (7) C-terminus G232 G190/G212 (7) the T. melanosporum sequence contains, near their C-termini, the β-signal required for the interaction of β-barrel precursor proteins with the TOB/SAM complex [67] . The structures of the corresponding proteins were modeled using the M. musculus VDAC1 sequence (3EMN), as no structural data are available for Tom40 (Fig. 9) . The QMEAN Z-scores for the resulting Tom40 models are lower than those for porin, as might be expected from the low similarity between VDAC1 and Tom40 (Table 4) . Given this approach, caution must be taken in interpreting the resulting structures. To obtain further support for or against the models, secondary structure predictions were carried out on the full-length Tom40 sequences ( Supplementary Fig. 1 ), using PRALINE alignment [77] followed by structural predictions with SSpro [78] , an approach that accurately predicted the 19-β-strand porin structure based on a collection of almost 300 porin sequences (discussed in [8, 32] ). With the exception of β9, the predicted positions of the β-strands generally agree with those presented in [33] . The ClustalW alignment (Fig. 8) in the region including β9 is skewed by the additional sequence present in the T. melanosporum sequence. SSpro analysis ( Supplementary Fig. 1 ) suggests that this region may form an α-helix, as in the P. patens sequence, or a short section of β-strand (~5 residues) followed by a region of α-helix of similar size, as for the N. crassa Tom40. While the structure formed by this sequence can only be determined experimentally, it is interesting to note that β8 of porin also was predicted by this approach to contain a mixture of α-helix (3 residues) and β-strand (5 residues) ( [8] ), indicating that this type of prediction does not necessarily rule out the formation of β-strand.
With moderate support for the structural models, the charge distribution of the pore structure was considered. Both the long and . Predicted structures and calculated vacuum electrostatic potentials of mitochondrial porins. The indicated porin sequences were modeled using SWISS-MODEL ( [48] , http:// swissmodel.expasy.org) and vacuum electrostatics were calculated using PyMol [50] . Initial images were centered using the "orient" function in PyMOL (left side image), and the view from the other face of the molecule was generated by 180°rotation on the x-axis (right side image). Some initial images were not oriented in the same way as the MmVDAC1 structure, and were manually re-aligned so that the placements of positions 262 (left-side model) and 251 (right-side model) were similar. Blue and red regions are positively and negatively charged, respectively.
short forms of HsTom40 were predicted to form barrels with clusters of negative charges at the barrel openings and within the lumen, as predicted [33] . This electrostatic environment is expected given the requirement for positively-charged presequences to interact with and pass through the Tom40 channel. However, this feature was not as prominent in the models of other Tom40 structures. One face of the Neurospora structure has a significant patch of positivelycharged residues in addition to regions of negative charge and uncharged areas (Fig. 9) . Some of this charge is contributed by the α-helix (R49 and R53), which is placed in the lumen of the pore based on the MmVDAC1 sequence. For Neurospora Tom40 (NcTom40) there is evidence that the N-terminus is exposed to the intermembrane space [34] , which could occur if it resides in the barrel as predicted here, or if it is completely external to the membrane, where it may not contribute to the lumen environment. Additionally, the NcTom40 primary sequence contains an insertion of nine residues between β14 and β15, and this is modeled to form an uncharged protuberance that is not characteristic of the other Tom40 model structures (Fig. 9) . Of the residues linked to Tom40 function as described above, G64 resides in the turn on the N-terminal side of β1 and W219 (W243 in the yeast sequence) is positioned at the N-terminal end of β12. 6 . Phylogenetic analysis of the Tom40 family. The tree is based on 156 Tom40 sequences, and the stramenopile sequence D0NL14 was used as the out group. The tree is labeled as indicated in the legends for Figs. 1 and 2 , and sequences used in structural analysis (Fig. 5) are indicated by the abbreviation "S" in a green circle. Fig. 7 . Sites of covariation in Tom40. The mutual information data in Table 3 were overlayed on the predicted structure of Homo sapiens Tom40L (HsTm40L, long isoform O96008) that was generated using HsVDAC1 (2K4T) as the template. The predicted HsTom40L-hVDAC1 model served as the template structure for the modeling of other Tom40-like structures. A) and B) Data obtained from the MI′ analysis. Covariant residues are indicated in red and labeled according to the H. sapiens (O96008) sequence. The N-terminal α-helical region is indicated in yellow. Positions on the "far side" of the molecule are indicated by arrows with dotted lines. The C-terminal residue, G361, was not included in the model and therefore the C-terminus of the modeled sequence (I360) is indicated by the letter "C". Data obtained from the MIB′ and are shown in panels C) and D). Images E) and F) locate the covariant residues identified in the MIBP′ (black) and MIP′.
The Naegleria gruberi, Nosema ceranae, Theileria annulata, P. infestans and Physcomitrella patens model structures are similar with respect to clusters of positive and negative charges at the ends of the barrels, although a strict pattern of charge distribution is not observed. The predicted Drosophila Tom40 structure contains negatively charged regions on one face, and a much lower density of charged residues on the other, compared to most of the other structures. While these observations may imply a high degree of variability in the surface charge distribution of Tom40 proteins from different species, they may also reflect differences in fine structure that are not accurately portrayed in the current models. It is possible that Tom40 will be amenable to one of the experimental techniques used for porin structure determination, and then more accurate modeling of other Tom40 species can be undertaken.
As noted in the phylogenetic analysis (Fig. 6) , there is a small group of Tom40-related protein sequences obtained from filamentous fungi that cluster near several arthropod Tom40 sequences. These sequences have been annotated as Mdm10 proteins; Mdm10 is predicted to form a β-barrel and acts as the outer membrane part of the mitochondria-endoplasmic reticulum tethering complex [79] and is involved in the import of a subset of mitochondrial precursor proteins (reviewed in [18, 2] ). The structural modeling of the T. melanosporum Mdm10 sequence includes relative insertions in L8-9 and L15-16, compared to the Tom40 sequences. The L8-9 insertion is prolinerich, is predicted to contain two short regions of β-strand and is modeled as an extended loop. The N-terminal region is predicted to contain two β-strands, which are modeled as part of a region external to the lumen and not part of the β-barrel (Fig. 8) , due to the choice of porin as the model. This observation may suggest that the T. melanosporum Mdm10 forms 21 β-strands if "β9" forms part of the barrel, or 20 strands if it does not. Fig. 8 . Alignment of Tom40 primary sequences used for structural prediction. The indicated sequences (see Table 4 ) were aligned using ClustalW2 (http://www.ebi.ac.uk/Tools/ msa/clustalw2/). Residues identified in the coevolution analysis are labeled in red, and numbered according to the H. sapiens Tom40L sequence. The structural elements modeled by [33] are underlined in the human sequence. The alignment around putative β−strand 9 was generated using the PRALINE package ( [77] ); residues predicted to form α-helixes and β-strands are presented in purple and green, respectively. The underlined regions in the T. melanosporum indicate β-strands (solid) and α-helical (dotted) regions predicted by SWISS-MODEL (http://swissmodel.expasy.org). The β-signal [67] , is described as for Fig. 4 .
The relationships between the members of the group containing T. melanosporum Mdm10, and bona fide Mdm10 sequences are not clear. All four sequences shown in this cluster are shorter than most Mdm10 proteins; the longest ones included in this analysis, E4ZZ76 and E0VW07, are 392 residues long, while those from S. cerevisiae (P18409, [80] ) and Neurospora crassa (Q75BE0, [81] ) are 493 and 481 residues, respectively. The consistently shorter lengths suggest that sequencing errors leading to premature stop codons are not responsible for the size differences. Furthermore, all four sequences lack the canonical C-terminal β-signal required for sorting of mitochondrial proteins (Fig. 8) , and therefore may not be targeted to mitochondria. Analysis of twenty Tom40 and twenty Mdm10/ Mdm10-like sequences related to those of Sclerotinia sclerotiorum revealed a lack of consensus in nomenclature, with some members of both groups annotated as porins. Preliminary phylogenetic analysis revealed two poorly supported groups, one consisting of Tom40 and the other of Mdm10/Mdm10-like sequences. Thus, extensive reevaluation of the Mdm10/Mdm10-like proteins is required before reliable conclusions can be made about the relationships between Tom40, porin and Mdm10 proteins. To date, bacterial ancestor(s) of mitochondrial porin, Tom40 and Mdm10 have not been identified (see [82] for discussion), and the origin of Mdm10 is further complicated by the observation that Mdm10 homologues have been identified only in fungi and not in higher eukaryotes ( [33] , D.C.B. unpublished observation). Furthermore, Mdm10 is involved in β-barrel protein import, as well as endoplasmic reticulum-mitochondrial tethering (reviewed in [2] ). There are several scenarios that can be envisioned for the Mdm10-like proteins. First, of the genomes of the four organisms with an Mdm10-like protein, only that of L. maculans encodes a second protein with homology to Tom40, suggesting that in some cases, the putative Mdm10-like protein may be a highly derived Tom40 molecule. Alternatively, the Tom40 protein may be so highly diverged that it is not readily detected, and the Mdm10-like protein may have originated from a longer Mdm-10 protein. In this scenario, convergent evolution, driven by the constraints on β-barrel forming sequences, would result in Mdm10s sequences more similar to the known Tom40 sequences. In either case, comparisons of the structural models suggest that expansion or contraction of a β-barrel by insertion/duplication or loss of short sequences in existing loops, could occur, without disrupting existing β-strand sequences. These events would not be mutually exclusive of barrel construction based on addition of β-hairpin structural unit or duplications of existing groups of strands [82] .
Although not completely defined, the apparent relationships between Mdm10/Mdm10-like proteins, Tom40 and porin, suggest the intriguing possibility that co-opting of mitochondrial β-barrel Fig. 9 . Predicted structures and calculated vacuum electrostatic potentials of Tom40 and MDM10. The indicated porin sequences were modeled using SWISS-MODEL ( [48] , http:// swissmodel.expasy.org) and vacuum electrostatics were calculated using PyMol [50] . Initial images were centered using the "orient" function in PyMOL (left side image), and the view from the other face of the molecule was generated by 180°rotation on the x-axis (right side image). Some initial images were not oriented in the same way as the HsTom40L structure, and were manually re-aligned. Blue and red regions are positively and negatively charged, respectively. function could have occurred during mitochondrial evolution. For example, if the Mdm10-like proteins are related to Tom40, it is intriguing to consider that Tom40 paralogues may have been co-opted to function in the tethering complex, or that the Mdm10 paralogues of the latter became the core of the import machinery. These events would require the establishment of numerous new protein-protein interactions, and it would be unlikely that one protein could maintain interactions with both the TOM and tethering complexes. When considering pore function, there might, in principle, be fewer constraints on the generation of a new pore-like protein from a Tom40 paralogue. The survival of porin-less strains of Saccharomyces [55] and N. crassa [83] suggests that existing outer membrane protein(s) provide sufficient pore function for viability, although the latter mutants have severe growth defects indicating that a fully functional porin is essential for normal growth of obligate aerobes, presumably due to its role in multiple facets of mitochondrial biology (see [83] ). Overall, the evolutionary linkages within the outer membrane β-barrel proteins are intriguing and await clarification as the depth of sequence data and functional information for these proteins expands.
Conclusions and future directions
The current analysis has added to the understanding of the complex phylogenetic history of the members of the family of Tom40 and VDAC proteins, and hints at the expanse of sequence divergence available to a 19 stranded β-barrel structure. Analysis of covariant residues suggests new targets for site-directed generation of Tom40 and porin variants; members of the covariant networks can be assessed individually or as groups. Analyzing the contributions of groups of residues is one of the next steps in determining the requirements for β-barrel formation, maintenance of particular lumen environments and intra-and intermolecular protein-protein interactions.
Supplementary materials related to this article can be found online at doi:10.1016/j.bbamem.2011.11.027.
